targeting in embryonic stem cells and the histochemical marker taulacZ (Callahan and Thomas, 1994). We modified the OR gene P2 in the germline of mice such that P2-expressing OSNs can be stained blue along their entire length by virtue of their expression of taulacZ. In these mice, labeled axons converge to a pair of glomeruli in the MOB, which reside at stereotyped locations. Additional genetic experiments have fueled the notion that the ORs are involved in the wiring of the main olfactory system, but they cannot be the only determinant (Mombaerts et al., 1996a; Wang et al., 1998). The visualization of this wiring diagram has confirmed and extended the notion that odorant quality is encoded by a specific combination of activated glomeruli. Likewise, our understanding of the logic of pheromone encoding should benefit from a precise description of the wiring diagram We isolated several mouse VR genes of the G ␣i2 type by (g) M71→VR i 2-IRES-taulacZ mutation, after Cre recombination.
cross-hybridization to probes derived from the coding region of rat VR genes (Dulac and Axel, 1995). We focused on a particular VR gene that we term VR i 2. The developed another histological axonal marker, tauGFP deduced amino acid sequence of VR i 2 (GenBank acces-(see also Brand, 1995) . This marker combines the intrinsion number AF132114) has 77% identity with that of sic green fluorescent properties of GFP (Chalfie et al., rat VN5. Southern hybridization of mouse genomic DNA 1994; Tsien, 1998) with the microtubule-binding properwith a VR i 2 probe revealed six cross-hybridizing bands ties of the tau protein (Butner and Kirschner, 1991), asat high stringency, indicating that VR i 2 is a member suring that the fluorescent label will be exported down of a small subfamily (data not shown); similar to the the axons to the axon terminals of the VSNs that express organization of the OR gene superfamily (Buck and Axel, it. The design of the VR i 2-IRES-tauGFP mutation (VG) 1991), VR genes can be grouped in many small subfamimirrors that of the VL mutation, except for the replacelies that are operationally defined by cross-hybridization ment of the lacZ coding sequence with that of GFP (Dulac and Axel, 1995). In situ hybridization of sections (Figure 1e ). Third, to examine whether expression of VR i 2 through the VNO with a riboprobe for VR i 2 revealed a is a determinant of the pattern of axonal projections, we punctate expression pattern within the apical zone of engineered a deletion allele of the VR i 2 gene, termed the the epithelium (data not shown), demonstrating that VR i 2 (⌬VR i 2) GFP-IRES-taulacZ mutation (⌬V). The intronless or members of its subfamily are expressed genes. The coding region is excised from start to stop codon and expression of the VR i 2 gene specifically was shown by replaced with a GFP-IRES-taulacZ cassette (Figure 1f ). 5Ј RACE and 3Ј RACE on mRNA isolated from VNO.
Inclusion of the GFP coding sequence 5Ј to the IRES Genomic sequencing revealed that the gene consists of allows for direct comparison with the VL mutation, in two exons, with the coding region entirely included in which the VR i 2 coding sequence precedes the IRES. the second exon (Figure 1a) . The VR i 2 gene was mapped Fourth, to determine whether other seven-transmemwith a mouse radiation hybrid panel next to marker brane proteins can substitute for VR i 2, we replaced D6Mit261 on chromosome 6. the coding region of VR i 2 with that of the OR gene M71, thus generating a "swap." In mice carrying the M71→VR i 2-IRES-taulacZ mutation (MV), neurons that Targeted Mutagenesis of the VR i 2 Locus First, to visualize the topography of VSN axonal projectranscribe this VR locus instead express an OR ( Figure  1g ). The consequence of this misexpression on the totions, we generated the VR i 2-IRES-taulacZ mutation (VL) (Figure 1d ). The design should result in coexpression pography of the projections can be examined by visualizing taulacZ expression. of taulacZ along with VR i 2 from bicistronic messages, according to the same logic of the P2-IRES-taulacZ muGermline transmission was obtained for the four targeted alleles of the VR i 2 locus. We then removed the tation (Mombaerts et al., 1996a) . Second, to improve analysis of gene expression and axonal projections, we neo-selectable marker, which is required in the gene (Figure 5a ). By contrast, in homoregion. They do not converge to distinct glomeruli but end and arborize apparently randomly within the glomerzygous VL mice all fibers within a glomerulus are yellow fluorescent (Figures 5b and 5c ). Our interpretation of ular layer. In heterozygous ⌬V mice, the number of blue arborizations in the AOB is 65 Ϯ 10 (n ϭ 11), which is these two observations is that VR i 2 glomeruli are uniquely innervated by axons of VR i 2-expressing neurons; the comparable to the number of blue cells in the VNO of these mice (85 Ϯ 20, see above). Assuming that the blue exclusively red fluorescent fibers in heterozygous VL mice most likely correspond to axons of neurons exaxons do not branch, this observation suggests that axons of neurons expressing the ⌬V allele do not conpressing the nontagged VR i 2 allele. Although the glomeruli appear loosely surrounded by periglomerular verge onto common targets but follow individual trajectories. Among 35 stained AOBs of ⌬V mice, a few cells on sections by DAPI staining, they can be identified as distinct identities with anti-synaptophysin staining. isolated fibers were found to be misrouted to the G ␣o -positive region of the AOB in 8 specimens, and a Interestingly, groups of discrete synaptophysin-reactive structures, rather than individual glomeruli, are often single fiber ended in the MOB in 2 specimens; such aberrant projections were never observed in more than 40 surrounded by periglomerular cells. Thus, VR i 2 glomeruli are mostly separate entities (Figure 5c ) but appear somemice analyzed of the VL strain. On sections (five AOBs analyzed), single axons are frequently seen entering glotimes part of a higher-order structure consisting of multiple glomeruli with different specificities (Figure 5b) . meruli and arborizing among other fibers (Figure 5d ). Thus, deletion of the VR i 2 coding region disrupts the axonal projection pattern of VSNs that express this Deletion of the Coding Region of VR i 2 locus. To uncover a potential role for VR i 2 in organizing the projection pattern, we examined ⌬V mutant mice with X-gal staining (Figures 4e and 4f) . Because the number Swap with the Coding Region of the Odorant Receptor M71 of cells expressing this deletion allele is decreased three-fold compared to the VL mice (Figure 2a) , fewer To determine whether a different and unrelated seventransmembrane protein can substitute for VR i 2 in elabostained axons are expected to innervate the AOB. We indeed observe fewer fibers, but they also display a rating the projection pattern, we replaced the coding region of VR2 from start to stop codon with that of an highly diffuse projection pattern. The end arborizations This difference in wiring diagrams may reflect the differential functions fulfilled by these systems. The main olfactory system is designed to detect an immense variety of odorants, often at extremely low concentrations, and to make fine discriminations between structurally related molecules. Convergence to a small number of glomeruli at fixed positions may increase the sensitivity and specificity of the system. The mammalian accessory olfactory system, on the other hand, provides information about chemical signals emanating from individuals of the same species. Pheromonal responses are often produced by "blends" rather than by single compounds (Sorensen, 1996) . The accessory olfactory system may thus perceive complex patterns of pheromonal stimuli as a "Gestalt" that triggers preprogrammed behavioral and neuroendocrine responses. Furthermore, the accessory olfactory system is more important for the social and sexual behavior of naive animals than of experienced individuals and must relay varying kinds of infor- ance (Lewin, 1994) . Genetic studies with the OR gene P2 have led to the hypothesis that the OR itself is intimately It will be important to determine for other VRs whether their glomeruli are also exclusively innervated by VSNs involved in the mechanisms that enable axons to navigate to their targets in the MOB. These studies supexpressing the same VR; perhaps some VSN subsets expressing certain VRs coconverge with subsets exported the notion that the OR is a component of the guidance machinery, but they clearly demonstrate that pressing other VRs, which may be related in sequence.
It has been known for nearly a century that secondit is not the only determinant (Mombaerts et al., 1996a; Wang et al., 1998) . In this paper, we report similar genetic order neurons in the accessory olfactory system (mitral/ tufted cells) project their dendrites to several, often disexperimentation with the VR i 2 gene. First, when the coding region of the VR i 2 gene was tant glomeruli of the AOB (Ramon y Cajal, 1911; Takami and Graziadei, 1991). By contrast, in the MOB a mitral replaced with a GFP-IRES-taulacZ cassette, the number of labeled neurons was decreased by a factor of three cell or tufted cell has only a single apical dendrite and projects this dendrite to a single glomerulus. Perhaps compared to VR i 2-taulacZ mutation (in which the coding region is not altered), suggesting that expression of the a given mitral cell in the AOB sends dendrites to glomeruli that receive input from neurons expressing different VR i 2 gene is required for a normal life span. Alternatively, the absence of the VR i 2 coding region could decrease VRs (Figure 6 ). This organization of second-order neurons can now be studied with genetic transneuronal the probability that the VR i 2 locus is chosen for expression. Axons of VSNs expressing the deletion allele no tracing techniques (Yoshihara et al., 1999 (see Results).
